There is a strong demand for soil moisture information in establishing efficient irrigation scheduling, climate change prediction, and sustainable land and water management. However, such data are not readily available with an appropriate accuracy or spatial and temporal resolution. Addressing the need for soil moisture at high resolution globally, the European Space Agency (ESA) has developed the Soil Moisture and Ocean Salinity (SMOS) mission. Launched in November 2009, SMOS provides the first satellite dedicated to near surface soil moisture measurement at 40-km resolution. Moreover, the National Aeronautics and Space Administration (NASA) is developing the Soil Moisture Active Passive (SMAP) mission with a planned schedule for launch in October 2014. SMAP will deploy active (radar) and passive (radiometer) microwave instruments simultaneously to enhance soil moisture retrieval capabilities to a 10-km resolution.
INTRODUCTION
Soil moisture plays a fundamental role in the land surface hydrology, as it controls the exchange of water and heat energy between the land surface and the atmosphere through evaporation and plant transpiration. Estimating this variable with high temporal resolution and at the global scale has potential for application in meteorology, hydrology and climate research (Koster and Milly 1997; Dirmeyer et al. 2000; Loew 2008) .
Research activities carried out worldwide in the past decade have proved that microwave radiometry at low frequency is a promising technique for estimating surface soil moisture. The Soil Moisture and Ocean Salinity (SMOS) mission from ESA, launched in 2009 carrying an L-band interferometric radiometer, was the first soil-moisture-specific passive microwave mission (Kerr et al. 2010) . The multi-incidence angle and dual-polarization capabilities of the SMOS radiometer allows novel approaches for the retrieval of 0-5 cm soil moisture every 2-3 days at 40-km resolution globally (Kerr et al. 2010) . In 2014, NASA will launch the Soil Moisture Active Passive (SMAP) mission with the aim of acquiring finer-resolution soil moisture measurements. The SMAP instrument incorporates an L-band radar and an L-band radiometer to enhance the surface soil moisture retrieval capabilities to a 10-km resolution (Entekhabi et al. 2010 ).
The retrieval of soil moisture from both SMOS and SMAP brightness temperatures (T B ) are based on the socalled τ-ω radiative transfer model. This model simulates the L-band emission from soil underlying a vegetation canopy, and has been found to be a meritorious approach through a large number of studies (eg. Wigneron et al. 2007 ). This paper tests the accuracy of the τ-ω model with the currently accepted state-ofthe-art model parameters from literature, using independent data from the first Soil Moisture Active Passive Experiment (SMAPEx-1) airborne campaign; see also Monerris et al. for further information about SMAPEx.
DESCRIPTION OF THE DATA SET
The SMAPEx-1 was conducted in the Yanco study area within the Murrumbidgee catchment in south-eastern Australia (Figure 1 ) between 5 and 10 July, 2010. It aims to provide both active and passive microwave airborne data supported by ground measurements of soil moisture, vegetation water content (VWC) and soil roughness. A total of 30 flight hours were conducted; only the passive microwave data has been used for this study. The wet winter conditions allowed observations of spatial variation in soil moisture in the range of 0.15-0.25 m 3 m -3 , with an approximate dynamic range of 0.05-0.1 m 3 m -3 during the field experiment (Panciera 2011).
Airborne data
Brightness temperature (T B ) data were acquired in three days (6 th , 8 th and 10 th of July) at 1-km resolution over the 40km × 40km regional area, and over two target areas on the other two days (7 th and 9 th of July) at 100-m resolution (see Figure 1 ) using the Polarimetric L-band Multibeam Radiometer (PLMR). The accuracy of PLMR calibration was estimated to be better than 1K at H polarization and 2.5K at V polarization. Data used in this study are only the 1-km resolution data over the six intensive monitoring areas: YA4, YA7, YC, YD, YB5 and YB7 as shown in Figure 1 . Since each regional flight was conducted through a time span of approximately 2-3 hours and the geometry of PLMR resulted in three different viewing angles, all the T B data have been standardized to the soil profile temperature in the middle of the flight period and to an angle of 38.5°, which represents the outer left beam of PLMR and the approximate incidence angle of SMAP. The soil profile temperatures used for the standardization were obtained from the ground monitoring sites: the surface temperature at 2.5cm (T SURF ) from the SMAPEx and temporary stations, and the deep temperature at 40cm (T DEPTH ) from temporary monitoring stations only (see Table 1 ).
Ground soil moisture data
Spatial ground soil moisture sampling was undertaken concurrently with each flight during SMAPEx-1. When regional flights were conducted, sampling was undertaken on a regular grid of 250m-spaced locations in two of the six intensive 3km × 3km monitoring areas. When targets flights were conducted, soil moisture sampling were undertaken along ten 50m-spaced transects within two target areas. The equipment used for soil moisture measurement was the Hydraprobe Data Acquisition System (HDAS) which is an efficient spatial data acquisition tool that allows sampling at predefined locations and collects real-time data including soil moisture, soil temperature and some user-prompted observations such as land cover type. For all sampling locations, three surface soil moisture measurements were taken, which allowed the minimisation of random errors from local scale. In this study, each intensive monitoring area included a 3km × 3km grid. Subsequently, the average soil moisture content of each 1-km pixel was calculated together with the standard deviation (see Table 1 ). It should be noted that the data was quality controlled, such that if among the three measurements of a certain location, there was one value which appeared to be very different from the other two, such a value was removed from the analysis.
VWC and land cover mapping
Destructive vegetation samples were collected at various locations across the 3km × 3km focus study areas, aiming to characterize all the dominant vegetation types present. In each area, the major vegetation types were characterised by making measurements at 3 (minimum 1) locations distributed within homogeneous paddocks. The average VWC and standard deviation were calculated (see Table 1 ) for those vegetation samples which fell into 1-km pixels across the focus sampling areas.
Since very few pixels actually had a measured VWC, the small-scaled land cover mapping across the focus areas during the soil moisture sampling ( Figure 1 ) was used to estimate the VWC for unobserved pixels. Almost all the area of YC, YB5 and part of the area of YB7 are covered by grass. Consequently, the pixels involved in the unobserved pixels of these areas were estimated from the measured VWC of pasture. Similarly, YA4, YA7 and YD were a mixture of land cover types, and likewise the VWC of the pixels involved in these areas was estimated using the dominant vegetation type of that pixel. This strategy provides a complete VWC map for the six areas under study to be used as input to the τ-ω model.
THE TAU-OMEGA MODEL

Model description
The τ-ω model is based on two parameters: the optical depth of the canopy τ (Np), and the single-scattering albedo ω (-), which are used to parameterize the vegetation attenuation properties and the scattering effects within the canopy layer. In this model, the T B (K) of a mixed soil and vegetation medium is, for each polarization P, modeled as the contribution of three terms: the upward soil emission attenuated by the canopy, the direct upward vegetation emission, and the downward vegetation emission that is reflected by the soil and then attenuated by the canopy (Mo et al. 1982; Dirmeyer et al. 2000; Wigneron et al. 2007 ). This translates into:
where T EFF (K) and T V (K) are the effective soil and vegetation temperatures, ω and γ (-) are the single scattering albedo and the vegetation transmissivity, and r (-) is the soil emissivity.
The transmissivity γ is determined by
where τ NAD (Np) is the vegetation optical depth at nadir, tt P (-) corrects the optical depth for non-nadir views at each polarization and θ (degrees) is the sensor observation angle. The vegetation optical depth τ NAD was found to be related linearly to the VWC using the b (-) parameter through τ NAD = b*VWC (Jackson and Schmugge 1991; Van de Griend and Wigneron 2004).
The soil reflectivity r is determined by the soil roughness parameters H R (-) and N RP (-) as
where the smooth soil reflectivity r * is related to the surface soil moisture content through the Fresnel equations and a dielectric constant model. The Dobson dielectric mixing model, which takes into account soil textual properties to simulate the dielectric behavior of the soil-water mixture when the sand fraction does not exceed 90%, was used in this study (Dobson et al. 1985) . The soil effective temperature is determined as a function of two temperature measurements: one at soil surface (2-5 cm) T SURF , the other at a greater depth (~50 cm) T DEPTH as
where θ is the surface soil moisture at about 0-2 cm, w 0 and b 0 are semiempirical parameters depending on specific soil characteristics. Parameters w 0 =0.398 and b 0 =0.181 were calibrated from a study with similar soil properties (Wigneron et al. 2008 ) and applied in this study. T SURF and T DEPTH are the temperature values described in a previous section.
Validation and optimization
Since the main objective of this paper is to assess the currently accepted parameters of the τ-ω model, the default model parameters were derived from a literature review for the different land cover type and are given in Table 2 . Generally, three land cover groups were characterized: fallow (or bare soil), crop (barley, wheat, oats and canola) and grass (lucerne and pasture), and for each group similar parameters were applied according to the literature.
Apart from the validation of default parameters, the b parameter was calibrated for each land cover type.
Although it has been justified in previous studies ) that it is more reasonable to calibrate H R alone, the accuracy target 0.04 m 3 m -3 was best met by calibration of b with H R fixed. Consequently, it was assumed that the default value of parameter H R proposed for each land cover type is correct and thus the error in retrieval was from b alone. The calibrated values of b are presented in Table 2 .
RESULTS AND DISCUSSION
The soil moisture retrieval was first evaluated using the default model values. Soil moisture was retrieved at 1-km resolution over the six intensive monitoring areas using a two channel retrieval (H-pol and V-pol) on each T B observation. The resulting soil moisture was compared to the mean value of the ground measured soil moisture. Figure 2 shows the scatter plot between retrieved and ground observed soil moisture using default parameters. The vertical error bars indicate the standard deviation of the ground observed soil moisture while the icons indicate the mean soil moisture value for each area and its vegetation type. In contrast to earlier validation studies (eg. Panciera et al. 2009 ), it can be seen that crop sites show better results compared to grassland and fallow. The Root Mean Square Error (RMSE) for the crop sites was calculated to be 0.14 m 3 m -3 , while that of the pasture and fallow sites was 0.07 m 3 m -3 . Over grassland and fallow, there is a tendency to overestimate soil moisture. This error could be due to the fact that land cover in the grassland was highly heterogeneous and the pasture in Australia may have quite different biophysical features compared to the pastures in the USA where the b value was originally derived. Conversely, a tendency of underestimating the soil moisture ocurred with barley and wheat. However, this error is not as significant as that of grassland. Both the RMSE between retrieved and observed soil moisture for all pixels and only those pixels with measured ancillary data (0.13 m 3 m -3 and 0.12 m 3 m -3 respectively) do not suggests a fullfilment of the target accuracy. ); [2] ); [3] ); [4] (Peischl et al. 2011 ); [5] ).
The scatter plot between retrieved and ground observed soil moisture after optimisation of the b value is presented in Figure 3 . By lowering the b value of grassland and fallow, and raising it for barley and wheat, it is clearly seen that the RMSE of pixels with ancillary measurements was reduced to 0.04 m 3 m -3 which satisfies the target accuracy. On the other hand, the RMSE of all pixels was also reduced by one half, being very close to the SMAP target accuracy. However, such calibration studies are not practical for global satellite retrieval, meaning that further work on global parameter sets is still required.
CONCLUSION
It can be concluded that the current default parameters of the τ-ω model did not work well for the data from the SMAPEx-1 campaign. Compared with the retrieval results for crops, larger errors occurred for grassland and fallow pixels. It also suggested that the τ-ω model with the current accepted b values tend to overestimate the soil moisture for grassland. This result shows discrepancies with previous studies which showed a good match for grassland but large errors in crops. Nevertheless, it was found in this study that for grassland with a default H R value equal to 0.4, the best b value should be 0.06 instead of 0.15. Further evaluations of these parameters are required in order to confirm this result. Bias=0.01
